Mutants dl312, d1314, hrl, and hr3 with mutations in region ElA of adenovirus type 5 were defective for the induction of cell cycle abnormalities detectable by flow cytometry, cell DNA replication, thymidine kinase production, and chromosome aberrations and did not synthesize the viral DNA-binding protein (E2A) in rat cells. dl311, a leaky ElA mutant, induced cell cycle effects at high multiplicity in only one of three experiments, and synthesized the DNA-binding protein. hr7 (E1B) gave a wild-type response in all tests. d1313 was also positive in all tests, although it induced fewer polyploid cells than did wild-type virus, probably because of the leftward extension of the d1313 E1B deletion into ElA. sub315 and sub316, with mutations which also span the E1A-E1B border, synthesized DNAbinding protein, but caused no cell cycle alterations detectable by flow cytometry in rat or mouse cells. Although the participation of other viral early regions cannot be completely excluded, our results suggest that alteration of cell cycle progression is a direct effect of EtA unrelated to its control of other viral early regions, and may be the function of ElA in transformation.
Human adenoviruses induce quiescent rodent cells to progress into S phase and synthesize cellular DNA under conditions in which normal cells remain arrested in GI phase (25, 30, 32) . Adenoviruses also cause alterations to cell cycle progression in growing cells (14) . Cell cycles induced or altered by adenoviruses are abnormal in several respects: a number of events in the normal Gl to S phase progression do not occur, the Gl phase is shortened in some cells, and DNA replication is uncoupled from the synthesis of rRNA and polyamines (4, 5, 14, 19) . Many adenovirus-infected rodent cells prematurely reinitiate successive rounds of cellular DNA replication and become polyploid or aneuploid, whereas those that do undergo mitosis frequently suffer structural chromosome aberrations and abnormal chromosome segregation (4, 14, 29) . The chromosome aberrations are induced in the G2 phase, which precedes the abnormal mitosis (1) .
We have suggested that all of these cell cycle alterations are due to the expression in semipermissive cells of one or more viral genes whose function in productive infection of the permis- sive host in vivo is to maximize the number of cells able to replicate viral DNA and the time spent in DNA replication (14) . The induction of cellular DNA replication and thymidine kinase in Gl-arrested cells and of chromosome aberrations in growing cells all require expression of one or more adenovirus early genes. Expression of E2A and of gene N in E2B is not required, so some other early region must be responsible (4, 5, 14, 15) . As adenovirus-induced changes in cell growth cycle events may be important in viral transformation, we investigated the induction of cellular DNA replication, thymidine kinase, cycle progression abnormalities, and chromosome aberrations in rat and mouse embryo cells infected by adenovirus type 5 (AdS) carrying mutations in the transformation genes in early regions 1A (EtA) and 1B (E1B). There was a clear requirement for expression of ElA but not of E1B. The requirement for expression of E1A did not seem to be related to control of other early regions by E1A (2, 12, 20) , at least so far as E1B and E2 were concerned. (11, 24) ; note that their left ends could possibly extend past the left end of d1313, but they have the SmaI site at 1,067 to 1,072 bp (2.8%) (see the text). In addition, sub315 has an insertion of about 1,500 bp and sub316 of about 1,350 bp at their respective deletion sites (11, 24) . hr7 lies between the right ends of the deletions in sub315 and sub316 (6.1 to 8.0%) (7, 21) . hr3 belongs to the complementation group which corresponds to EIA (9 (17) . Briefly, each cell extract, equivalent to 2.5 x 106 cells, was pre-precipitated with 2 p.l of normal rabbit serum and then immunoprecipitated with 2 ,ul of P antiserum. The final pellet, containing Staphylococcus aureus and antigen-antibody complexes, was washed once with Autopow containing 10% fetal calf serum and 1% NP40 and twice with phosphate-buffered saline containing 1% NP40. The washed pellet was suspended in 50 ,ul of double-strength sodium dodecyl sulfate gel sample buffer (13), boiled, and analyzed on a 10 to 20% linear gradient polyacrylamide gel before being fluorographed (3).
MATERIALS AND METHODS
Thymidine kinase. Secondary rat embryo cells were arrested in Gl by serum starvation and infected with 10 iu of w.t. or mutant AdS per cell, and thymidine kinase activity in the cell extracts was measured as described previously (5).
Cellular and viral DNA replication. Mouse embryo cells were arrested in Gl by incubation for 3 days in medium containing 0.2% serum, infected with 10 iu of w.t. or mutant AdS per cell, and labeled with 1.0 ,uCi of [3H]thymidine per ml from 24 to 48 h or 48 to 72 h after infection. DNA was extracted and centrifuged to equilibrium in CsCl, and the radioactivity was analyzed by computer into viral and cellular DNA components by methods described previously (4, 32) .
Flow cytometry. Rat embryo cells were plated at 5 x 105 to 7 x 105 cells per 50-mm dish and infected 24 h later with w.t. or mutant AdS at a range of multiplicities. At 48 to 72 h after infection, cells from each sample were harvested by trypsinization, suspended in 1 ml of medium, and placed in an ice bath. The nuclei were released, and the DNA was stained by a modification of the method of Taylor (31) . To each sample, 80 p l . of mithramycin solution (125 p.g/ml in 75 mM MgCI2-1% Triton X-100; Pfizer, Inc.) was added, followed 1 min later by 40 p.1 of ethidium bromide (250 p.g/ml, with 1% Triton X-100; Sigma Chemical Co.). or mutant AdS per cell. Colchicine (1 p.g/ml) was added at 28 h after infection, and cells were harvested by trypsinization at 29.25 h. Methods for preparing chromosome spreads, scoring virus-induced aberrations, and statistical analysis of the results have been described previously (1) . All samples were coded and then scored by an observer who did not know the code.
RESULTS
Viral antigens in rat cells infected by mutant and w.t. Ad5. ElA controls other viral early regions in human cells (2, 12, 20, 21, 24) . Because this is due to its interaction with a cellular regulatory protein (16) , it seemed possible that mutations in El might have different effects on early viral protein synthesis in rat cells as compared with human cells. We therefore investigated viral antigens in infected rat cells by immunofluorescence and immunoprecipitation.
By immunofluorescence, ElA mutants d1312, hrl, and hr3 produced little or or viral antigen detected with either early P antiserum (23) (Fig. 2) . Hexon, penton base, and fiber were also precipitated.
None of the mutants synthesized detectable amounts of virion proteins precipitable by P antiserum (Fig. 2 ) except for hr7 in one experiment (data not shown). ElA mutants dl312, d1314, hrl, and hr3 made no detectable 72K or 46K DBP (Fig. 2) , consistent with reports that they make no mRNAs or polypeptides from E1B, E2, E3, or E4 in human cells (2, 12, 16, 20, 21, 24) . hr7 (E1B) and dl313, which behaves as an E1B mutant genetically, were positive for DBP, although the deletion in dl313, which includes most of E1B, extends leftward into ElA past the deletions in dl311 and dl314 (11, 24 ; N. Jones, personal communication) (Fig. 1) . The mutations in sub315 and sub316 also span the E1A-ElB border, but these mutants produced DBP in rat cells, although the amount synthesized in sub315-infected cells was less than that synthesized in cells infected with hr7, d1313, or sub316 (Fig. 2) . Again, these results are consistent with reports that hr7, d1313, sub315, and sub316 all make mRNAs and polypeptides from E2, E3, and (when tested) E4 in human cells (2, 12, 21 tants. In two separate experiments, at a multiplicity of 5 iu/cell, AdS mutants hr7 (E1B) and d1313, which lacks most of E1B DNA and behaves genetically as an E1B mutant, induced chromosome aberrations in rat cells at the same frequency as did w.t. AdS (Table 1 ). The ElA mutants d1312, hrl, and hr3 showed a greatly reduced frequency of chromosome aberrations (Table 1) . This difference was significant at the (1) . At 10 iu/cell the ElA mutants induced more chromosome aberrations, but the frequency was still significantly lower than it was in w.t.-infected or E1B mutant-infected cells. At 25 iu/cell the difference between w.t.-and ElA mutant-infected cells was no longer significant (data not shown). We conclude that ElA mutants are defective for the induction of chromosome aberrations in rat cells, but that this defect is particularly sensitive to the leakiness at high multiplicities of infection which has been observed for other aspects of the phenotypes of these mutants (24) . Expression of E1B is not required to induce chromosome aberrations. d1312 and hrl are defective for induction of cellular thymidine kinase in rat cells, but d1313 is not. The deletion mutant d1313, which lacks most of the E1B region and has an E1B phenotype, induced thymidine kinase in rat embryo fibroblasts arrested in Gl phase by incubation in medium containing 0.2% serum (Fig. 3A) . However, there was no increase in thymidine kinase activity in cells infected with the ElA mutants d1312 (Fig. 3a) or hrl (Fig. 3b) (Fig. 4a-c) , as reported previously (4, 14) . These effects were proportional to multiplicity. Mutant hr7 also caused cell cycle progression effects, with a multiplicity dependence that was very similar to that of w.t. virus (compare Fig. 4a-c with d-f ).
This E1B mutant is therefore positive for alteration of cell cycle progression, and this is not due to multiplicity-dependent leakiness. The ElA mutant d1312, however, caused no alteration to cell cycle progression in rat cells even at the highest multiplicity tested (Fig. 4g and h) .
In a series of experiments, all mutants were then tested for their ability to induce alterations to cell cycle progression by flow cytometry. The results of one experiment with each mutant are shown in Table 3 ; similar results were obtained with each mutant in other experiments with the exception of d1311, as mentioned below. ElA mutants d1312, d1314, hrl, and hr3 gave no alteration of cell cycle progression detectable by flow cytometry (Table 3) . d1311 caused no cell cycle alterations in two of three experiments (Table 3 ). In the third experiment it was positive at multiplicities of 16 iu/cell and above, and even then the response was reduced, particularly in the low percentage of aneuploid and polyploid (>4n DNA content) cells induced. hr7 (E1B) caused cell cycle alterations comparable to those induced by w.t. virus (Table 3) , as was found before (Fig. 4) . d1313 was also positive, although the number of cells with >4n DNA content was not increased much above the control. This mutant is therefore able to alter cycle progression, but does not induce premature reinitiation of DNA replication in many cells. The results with sub315 and sub316 were surprising. The known limits of the deletions in (4, 32) . c Radioactivity in the cellular DNA component divided by radioactivity in the cellular DNA peak from mock-infected cultures. NS, No stimulation (less label incorporated than in mock-infected control). a Because the cell cycle analysis program of the FACS IV is not designed for grossly abnormal distributions, such as those in virus-infected cells, the numbers of cells in the Gl peak and those with higher (>2n) DNA content were read from the display screen by using the cursors. The number of channels between the Gl peak and the upper limit of the G2 peak was determined for the mock-infected control, and the same interval was used to determine the number of cells with >G2 diploid (>4n) DNA contents in virusinfected cells, since DNA content histograms of such cells have a poorly defined G2 peak (Fig. 4) . these mutants are within the d1313 deletion ( Fig.  1) and both synthesize DBP in rat cells (Fig. 2) and E2 and E3 polypeptides in HeLa cells (21) . However, neither sub315 nor sub316 caused cell cycle alterations detectable by flow cytometry in rat cells (Table 3) .
Some of the mutants were also tested for their ability to induce cell cycle alterations in mouse embryo cells by flow cytometry. Again d1312, d1314, hrl, hr3, sub315, and sub316 were negative, whereas hr7 and d1313 were positive, although d1313 induced few cells with >4n_DNA content, as it did in rat cells (data not shown).
DISCUSSION
Our results have shown that all of the adenovirus-induced alterations to the cell growth cycle for which we tested require the expression of ElA, since hrl, hr3, d1312, and d1314 gave no response. The failure of hrl to induce cell cycle effects suggests that expression of the 51K polypeptide from the largest ElA mRNA may be required, since the mutation has been reported to affect only this ElA product (20) (Fig. 1 ).
Further work with other mutants will be necessary to determine whether other ElA products are involved in alteration of cell cycle controls. The ElA mutant d1311 gave a weak response at high multiplicity in only one of three experiments. This mutant is leaky and synthesizes DBP in rat cells and E2 and E3 proteins in HeLa cells (21, 24) .
Mutants hr7 (E1B) and d1313 (which lacks most of E1B DNA and behaves genetically as an E1B mutant) were positive for all cell cycle effects. Thus, expression of E1B is not required to induce cell cycle alterations. The reduced frequency of induction of cells with >4n DNA content by d1313 in both rat and mouse cells may be due to the leftward extension of this deletion into ElA (Fig. 1) . It is extremely unlikely that this partial defect is due to a requirement for the E1B 15K polypeptide (which may not be affected in hr7), whereas all other cell cycle effects are independent of E1B. Our results are consistent with previous reports that d1312 is defective for induction of cell DNA replication in continuous lines of rat and hamster cells, but d1313 is not (22, 26) .
Mutants sub315 and sub316 synthesized DBP in rat cells, although the amount precipitated from sub315-infected cells was reduced. Both mutants synthesize E2 and E3 polypeptides in HeLa cells (21) . However, neither mutant caused alterations to cell cycle progression in rat or mouse cells. These mutants therefore lack the cell cycle function of ElA, but retain the ability to potentiate expression of the other viral early regions. This may be explained if the deletions in sub315 and sub316 extend farther leftward into ElA than the deletion in d1313 does (Fig. 1) 25 ,000 cells per sample on the FACS IV. The first peak in each panel is an internal marker of chick erythrocytes, set on channel 18. The Gl diploid (2n) rat cells then peak at about channel 50, and G2 diploid (4n) rat cells peak at about 100. regions cannot be completely excluded, our results with sub315 and sub316, together with previous evidence that these mutants express other viral early regions (21) , indicate that alteration of cell cycle progression is a direct effect of ElA, independent of its control of other early regions. Moreover, expression of E1B, E2A, and gene N in E2B is not required for induction of cell cycle abnormalities (4, 5, 14, 15) . Similarly, ElA has a direct function in transformation and tumorigenesis and is not merely required to control the other transformation gene(s) in E1B (10, (26) (27) (28) identify the polypeptide(s) responsible, and to investigate the function of E1B in transformation since it does not seem to be concerned with cell cycle events.
